Bovine immunodeficiency-like virus (BIV) is a lentivirus of the Retroviridae family which shares morphologic, genetic, and/or antigenic properties with human immunodeficiency virus (HIV) type 1 and other animal lentiviruses (14, 41) . The BIV genome resembles that of other retroviruses with the typical 5Ј-to-3Ј gag, pol, and env gene organization (15) . In addition, it contains six nonstructural-and regulatory-proteinencoding genes between or overlapping the pol and env reading frames (15) . The structural gag-encoded capsid protein (p26) and env-encoded surface (SU) and transmembrane (TM) proteins (gp110 and gp42, respectively) have been shown to be highly immunogenic (3, 4, 7, 18, 31, 39, 43) .
BIV, like other retroviruses, establishes a permanent infection once the proviral DNA integrates into the host cell genome (15) . BIV has been recently shown to infect a variety of cells, including peripheral lymphocytes, neurons, microglial cells, and endothelial cells of experimentally infected calves (47) . Although clinical disease cannot yet be attributed to BIV, associations of BIV with immune system dysfunctions, central nervous system disorders, and progressive emaciation in naturally and experimentally BIV-infected cattle have been reported (6, 26, 41) . Several secondary conditions, including mastitis, pododermitis, and other bacterial diseases, have been associated with BIV infection, suggesting a possible impact on dairy herd productivity and general health (24, 34) . Serological data indicate the worldwide distribution of BIV (1, 10, 17, 19, 24, 29) . In certain regions in the United States, the individual serological prevalence of BIV infection has been reported to be greater than 50% (15, 35) . In Ontario, BIV seroprevalence was shown to be 5% in dairy cows (24) .
Discrimination between infected and noninfected cattle is an essential step in controlling BIV infection by segregation and/or removal of virus-infected animals (34) . To achieve this, convenient and reliable BIV-specific diagnostic tests are necessary. BIV isolation from peripheral blood buffy coat cells with cell culture cocultivation has been reported (41) . However, this method is time-consuming and technically laborious. Moreover, this procedure may be associated with interference from other known bovine retroviruses (e.g., bovine syncytial virus [BSV] and bovine leukemia virus [BLV]), thus requiring further discrimination by immunological or molecular analyses (34) . PCR has also been used to detect BIV in the DNA of peripheral blood mononuclear cells from BIV-infected animals and tissue culture cells infected with BIV (25, 39, 46) . Serodetection techniques such as the immunofluorescence assay, Western blot assay, and enzyme-linked immunosorbent assay (ELISA) have been used to identify BIV-exposed animals by using native virion antigens (35, 43, 44) .
Previous studies have demonstrated the reactivity of bovine serum antibody against the BIV major capsid protein p26, encoded by the gag gene (43, 44) . The anti-p26 reactivity was associated with the presence of linear epitopes within the protein (3). In cattle experimentally infected with BIV, the immunological reactivity to BIV p26, as determined by Western blotting with a virion-derived antigenic preparation, was detected early (within 20 days) and persisted several months after BIV exposure (18, 39) . On the other hand, the amino-terminal region of the TM envelope gp42 protein was also shown to contain at least one major linear epitope which is highly immunogenic in BIV-infected cattle (7) . The immune reactivity against the gp42 protein, which appeared later than that observed for p26, was still readily detectable in the sera of cattle 3.5 years after experimental BIV infection, whereas antibodies to p26 were undetectable in the same animal sera (18) .
In this study, we took advantage of recombinant techniques to produce recombinant fusion proteins expressed in the baculovirus system that target BIV TM envelope gp42 and capsid p26 proteins. The antigenic reactivity of the recombinant fusion proteins was analyzed in a Western blot assay using sera from rabbits and cattle experimentally infected with BIV. The Western blot was then used to test a panel of bovine field sera, and the results were compared with those obtained with a reference Western blot assay in which native virus proteins were used as test antigens (24, 44) .
MATERIALS AND METHODS
Sources of sera. Field bovine sera, serum samples from cattle that were experimentally infected with BIV, and bovine BSV-specific antisera were provided by Robert M. Jacobs, Department of Pathobiology, University of Guelph, Guelph, Ontario, Canada. Bovine serum samples positive for anti-BLV antibodies were generously provided by Diagnostics Biovet Inc., St-Hyacinthe, Québec, Canada. The equine serum specific to equine infectious anemia virus (EIAV) was provided by Alain M. P. Bouillant (Virology Section, Animal Diseases Research Institute, Canadian Food Inspection Agency, Nepean, Ontario, Canada). Rabbit serum samples reactive to BIV or BSV were obtained from animals experimentally inoculated by the intraperitoneal route with BIV-infected (28) or BSV-infected (2a) cells.
Viral RNA isolation and oligonucleotide primers. Viral genomic RNA was extracted by the guanidium isothiocyanate method (8) from the supernatant of fetal bovine embryonic lung cells chronically infected with the R-29 isolate of BIV (41) . The cells were propagated in minimal Eagle medium supplemented with 10% fetal bovine serum and antibiotics. The oligonucleotide primers for reverse transcription-PCR amplification of the nucleic acid sequences encoding the BIV p26 (nucleotides 700 to 1401) and a 120-amino-acid-long truncated form of the TM gp42 envelope protein (amino acids 31 to 150; nucleotides 7170 to 7529) (tTM) were selected according to the BIV genomic sequence (GenBank accession no. M32690) (13) . The primers were synthesized by a commercial supplier (Gibco/BRL, Gaithersburg, Md.). The specific sense and antisense primers used to amplify the p26-encoding nucleic acid sequence were from nucleotide positions 700 to 715 and 1401 to 1384, respectively, while those used to amplify the tTM-encoding nucleic acid sequence were from nucleotide positions 7170 to 7190 and 7529 to 7505, respectively. In addition, all primers contained short 5Ј extensions in which restriction endonuclease cleavage sites were present for cloning and subcloning purposes. The expected sizes of PCR products were 701 and 359 bp for the p26-and the tTM-encoding nucleic acid sequences, respectively.
Reverse transcription-PCR amplification, cloning, and sequencing. The BIV genomic RNA was converted to cDNA by reverse transcription using random hexadeoxyribonucleotides [pd(N)6; Pharmacia Biotech] as previously described (36) . The cDNA was then amplified with a programmable thermal cycler by 30 successive cycles of denaturation at 95°C for 1 min, primer annealing at 52°C (for the p26-encoding nucleic acid sequence) or 60°C (for the tTM-encoding nucleic acid sequence) for 1 min, and DNA chain extension at 72°C for 2 min. The amplified cDNA products were subsequently cloned into the pCR II TA vector according to the manufacturer's instructions (Invitrogen, Palo Alto, Calif.) and sequenced by the chain termination method of Sanger et al. (33) to confirm the BIV-specific nature of the amplified products.
Construction of recombinant transfer plasmids. The recombinant pCR II TA plasmids containing the p26-or tTM-protein-encoding nucleic acid sequences were digested with BamHI and EcoRI or with Xho and HindIII, respectively. The fragments of interest were then purified with a low-melting-temperature agarose gel (32) and ligated into the pBlue-bac His2 transfer plasmid (Invitrogen) digested with the corresponding enzymes. This enabled the amplified cDNA products encoding BIV p26 and tTM proteins to be cloned in frame with nucleic acid sequences which code for a stretch of six histidine residues and an enterokinase cleavage site, resulting in the expression of recombinant fusion proteins. After transformation in competent Escherichia coli DH5␣ cells, ampicillin-resistant bacterial colonies were screened for the presence of the appropriate recombinant transfer plasmids using standard procedures (32) . The resulting cDNA clones were then sequenced as described above to confirm that the cloned sequences were in the correct reading frame.
Generation of recombinant baculovirus. Recombinant transfer plasmid DNA and wild-type Autographa californica nuclear polyhedrosis virus (AcNPV) DNA were used to cotransfect Spodoptera frugiperda 9 (Sf9) cells grown in Grace medium supplemented with 10% fetal bovine serum, according to the supplier's instructions (Invitrogen). Blue recombinant baculovirus plaques were then selected (42) and expanded once in Sf9 cells. After 72 h of incubation at 27°C, the cell culture medium was harvested, and total DNA was isolated from infected cells by the standard phenol-chloroform extraction method (32) . The presence of the p26-and tTM-encoding nucleic acid sequences from the recombinant baculoviruses were then confirmed by PCR using the corresponding primers described above. Two or three rounds of plaque purification were then performed according to the supplier's instructions. Plaque-purified recombinant viruses were thereafter propagated in Sf9 cells, and the cell culture supernatants were harvested to generate the recombinant baculoviruses BIV p26-rAcNPV and BIV ptTM-rAcNPV.
Expression and purification of recombinant fusion proteins. For protein expression, groups of 2 ϫ 10 6 Sf9 log-phase cells were each infected with one of the plaque-purified recombinant baculoviruses at a multiplicity of infection of 4. Uninfected Sf9 cells and those infected with wild-type baculovirus were processed in parallel and used as controls. After 5-day incubation at 27°C, the cells were pelleted by centrifugation at 3,000 ϫ g for 10 min. The cell pellets were then resuspended in 0.5 ml (for 10 6 cells) of 2% sodium dodecyl sulfate (SDS)-0.2 M NaCl-0.2 M Tris (pH 7.5)-1.5 mM MgCl 2 and heated to 100°C for 3 min (16). These cell lysates and cell culture supernatants were then analyzed on an SDS-12% polyacrylamide gel (32) .
For the standardization of the Western blot assay, the recombinant fusion proteins were purified by the electroelution of the protein that was previously cut out of an SDS-polyacrylamide gel (22) . The concentration of purified proteins was estimated by densitometry after comparison with standard proteins on a Coomassie blue-stained SDS-polyacrylamide gel.
Western blot analysis of BIV recombinant fusion proteins. Purified proteins were electrophoresed on SDS-12% polyacrylamide gels as described above and were then electrotransferred to nitrocellulose membranes. Nonspecific binding to nitrocellulose was blocked by using a solution of 1% enzyme immunoassaygrade gelatin (Bio-Rad, Palo Alto, Calif.) and 0.2% Tween 20 in 50 mM Tris hydrochloride-buffered saline solution (pH 7.5) (TBS). Bovine serum samples (used at a dilution of 1:50) and rabbit and horse sera (used at a dilution of 1:100) were allowed to react for 2 h at room temperature with the test antigen (approximately 200 ng of purified fusion protein). The membranes were then washed three times in TBS containing 0.05% Tween 20 before the appropriate peroxidase-labeled conjugate was added for 1 h at room temperature. The immune reactivity was revealed after the peroxidase substrate (TBS, H 2 O 2 , methanol, and 4-chloro-naphthol) was added 10 to 15 min (32) .
BIV reference Western blot assay. The BIV reference Western blot assay, using cell culture supernatant-derived semipurified virions as test antigens, was performed in accordance with the method described by Whetstone et al. (44) , as adapted by McNab et al. (24) .
RESULTS
Expression of BIV p26-and tTM-encoding nucleic acid sequences in Sf9 cells. Segments of the BIV genome containing the BIV p26 or BIV tTM nucleic acid sequences were amplified and inserted into the pBlue-bac His2 transfer vector. Recombinant baculovirus virions (BIV p26-rAcNPV and BIV ptTM-rAcNPV) were then successfully obtained following the cotransfection of Sf9 cells with the respective plasmid transfer construct and wild-type AcNPV DNA. The recombinant viruses and wild-type baculovirus were then used to infect Sf9 cells. As shown in Fig. 1 VOL. 6, 1999 RECOMBINANT ANTIGEN FOR BIV SERODIAGNOSISand the BIV p26 recombinant fusion protein (lane 4) were readily observable on a Coomassie brilliant blue-stained SDSpolyacrylamide gel from the pellets of Sf9 cells infected with wild-type baculovirus and BIV ptTM-rAcNPV and BIV p26-rAcNPV recombinant baculoviruses, respectively. The recombinant fusion proteins were not present in any of the cell culture supernatants (data not shown). As expected, the BIV p26 recombinant fusion protein had a molecular size of approximately 29.6 kDa (Fig. 1, lane 4) , due to the presence of the fusion partner containing an enterokinase cleavage site and six histidine residues at the NH 2 terminus of the expressed fusion protein. However, the BIV tTM recombinant fusion protein, with a predicted molecular size of 18 kDa, migrated at approximately 20.6 kDa (Fig. 1, lane 3) . Although no systematic experiments were conducted, this result may reflect the fact that the BIV tTM polypeptide is predicted to contain three glycosylation sites and, therefore, may be glycosylated in insect cells, as reported elsewhere (31) .
Immunological reactivity of the baculovirus-expressed recombinant fusion proteins.
In order to analyze the BIVspecific immunological reactivity of the 29.6-and 20.6-kDa baculovirus-expressed recombinant fusion proteins, protein preparations from crude cell extracts were subjected to Western blotting with serum samples from a cow naturally infected with BIV and from a rabbit experimentally exposed to BIV. Both bovine ( Fig. 2A) and rabbit (Fig. 2B ) BIV-positive sera recognized tTM (lanes 3) and p26 (lanes 4) recombinant fusion proteins. No immune reactivity was observed when these BIVpositive sera were allowed to react with proteins prepared from noninfected Sf9 cells (Fig. 2, lanes 1) or Sf9 cells infected with wild-type baculovirus (lanes 2). No immune reactivity was observed when the Sf9-derived proteins and the recombinant fusion protein preparations were allowed to react with sera from BIV-negative cattle or with rabbit serum prior to BIV exposure ( Fig. 2A and B, respectively) .
Immune cross-reactivity with proteins derived from the Sf9 cells was observed with certain bovine sera. To decrease background activity, BIV recombinant fusion proteins were gel purified. When these purified recombinant fusion proteins were exposed to rabbit or bovine BIV antisera, positive immune reactivity was detected with both proteins (Fig. 3 , panels B2 and C3, respectively). Immune cross-reactivity was observed when the BIV p26 recombinant fusion protein was exposed to an equine serum containing anti-EIAV antibodies (Fig. 3, panel A1, lane 2) . This was expected on the basis of prior studies in which such immune cross-reactivity between BIV p26 and EIAV-specific equine antisera was observed (3, 14) . No immune cross-reactivity was observed when the EIAV horse antiserum was allowed to react with the BIV tTM recombinant fusion protein (Fig. 3, panel A1, lane 1) . Finally, no cross-reactions were detected when the BIV recombinant fusion proteins were allowed to react with bovine antisera specific to BSV and BLV (Fig. 3 , panels C1 and C2, respectively) or immune serum from a rabbit experimentally exposed to BSV (Fig. 3, panel B1) .
Comparison of the BIV recombinant fusion protein-based Western blot with the BIV reference Western blot assay. A total of 105 bovine serum samples were tested for antibodies to BIV by recombinant-fusion-protein-based Western blotting and the BIV reference Western blot assay, in which whole virus proteins were used as test antigens. For the recombinant-protein-based Western blot, serum samples were tested separately against each purified recombinant fusion protein. As shown in Table 1 , we were able to detect antibodies in 22 serum samples when the BIV p26 recombinant fusion protein was used as the test antigen. When the BIV tTM recombinant fusion protein was used as the test antigen, four additional sera which were not reactive against the BIV p26 recombinant fusion protein or in the reference Western blot assay tested positive for BIV antibodies. To investigate whether those four positive blot samples were false positives, an inhibition assay was performed with sera which had been preincubated with an excess of tTM (1 g) in an Eppendorf tube for 1 h at 37°C and then tested in the tTM-based Western blot assay. This procedure completely abolished the immune reactivity of these sera to the tTM in the Western blot assay (data not shown), thereby suggesting that these sera were likely to be true BIV-positive samples. Finally, when the results obtained from the Western blots with the p26 and tTM recombinant fusion proteins were compared with the reference Western blot assay results, concordances of 100 and 96.2% were observed, respectively.
DISCUSSION
Although several laboratories have used various serological methods to detect BIV-infection in animals, diagnostic assays for BIV infection are not yet commercially available. Here, we have produced BIV p26 and tTM fusion proteins from recombinant baculoviruses and investigated their ability to detect serum anti-BIV antibodies by a Western blot procedure. The capsid (p26) and tTM proteins were targeted as potential test antigens because they have been shown to induce the production of specific serum antibodies to BIV (7, 18, 43, 44) . In addition, as reported with BIV and other lentiviruses (9, 12, 37) , both of these proteins are likely to be genetically and antigenically well conserved. This is an important issue in light of the emergence of new BIV isolates which may be genetically divergent from the R-29 reference strain, as has been recently reported in the United States (37) . In fact, hypervariable regions in the SU envelope gene have been identified among several BIV isolates (38) , thereby suggesting that the SU BIV protein is unlikely to be a reliable reagent for the serodiagnosis of BIV. In contrast, antigenic relationships on the basis of serological immune reactivity to p26 among various BIV isolates have been reported (37) .
Similar to that reported with the HIV p24 capsid protein in the course of HIV infection in the human (11), immune reactivity associated with the major capsid protein p26 appears early in animals experimentally exposed to BIV (43, 44) . In another study, the p26-specific antibodies were shown to decrease to undetectable levels within 2 to 3 years after experimental infection in cattle (18) . In that study, infectious virus was recovered from peripheral blood mononuclear cells of each BIV-infected animal before and after the loss of p26-specific antibodies. In contrast, immune reactivity to the TM protein, which appears later in the course of BIV infection, was still detectable at the end of the experiment period (3.5 years postinfection). Under this circumstance, using the TM protein would allow the detection of BIV infection in cattle whose sera failed to recognize the p26 protein (18) . On the basis of all the above observations, one may conclude that a diagnostic test for the serodetection of BIV infection should include both the capsid p26 and TM proteins as test antigens in an immunoassay.
As mentioned above, the presence of major linear epitopes has been reported in BIV p26 and TM env proteins (3, 7) . In the study on the env proteins, the TM protein was shown to be much more antigenic than the extracellular SU protein (7), an observation which is similar to that reported for other lentiviruses (5, 27, 45) . By using several cDNA mutant clones that expressed mutated fusion proteins in bacterial cells, Chen et al. (7) demonstrated that the strong immune reactivity of the BIV TM protein was confined to a 134-amino-acid polypeptide beginning in the amino-terminal region of the protein (i.e., amino acids 1 to 134). Based on this, and on the results from hydrophilicity and antigenicity index analyses of this peptide region with appropriate software programs (21, 23) (data not shown), the 120-amino-acid polypeptide to be expressed in this study was selected. This polypeptide contained most of the 134-amino-acid region described by Chen et al. (7) , spanning amino acid residues 31 through 150 of the BIV TM env protein.
The recombinant baculovirus system for expression of proteins to be used as test antigens in ELISA and Western blot procedures for diagnostic purposes has been used in other viral systems (16, 40) . Moreover, the baculovirus system has been used to successfully express the entire gag and env nucleic acid sequences of BIV (30, 31) . The results of the present study showed that both the BIV p26 and tTM proteins were adequately expressed in Sf9 insect cells and could be successfully used in a Western blot procedure to detect BIV antibodies in sera from cattle naturally or experimentally infected with BIV. The results also showed that, due to the reactivity of insect proteins derived from the crude cell extract with some bovine sera, the gel-purified proteins should be the antigens of choice for the Western blot assay.
The results of testing a group of bovine sera by our Western blot with the recombinant BIV p26 as the test antigen were 100% in agreement with those obtained in the reference Western blot assay with whole virus as the test antigen. This was not surprising because it is well known that the protein preparation derived from cell culture-derived semipurified BIV virions contained p26 in a relatively large quantity (30) . However, four bovine sera that tested negative by both of these assays readily tested positive by the Western blot assay with the BIV tTM recombinant fusion protein as the test antigen. Although falsepositive test results cannot be completely ruled out despite the specificity of the reaction demonstrated in our inhibition studies, the discrepancy between these test results might be attributed, as mentioned above, to the fact that the level of antibodies to p26 decreased in the course of BIV infection while immune reactivity to the TM protein remains detectable (18) . Another explanation that might account for the discrepancy between these assays is that the cell culture-derived virion preparations used as test antigens in the reference Western blot assay may contain negligible amounts of the env glycoproteins, such that immune reactivity of sera containing low levels of BIV antibody to these proteins may not be detected by this assay. In fact, protein virion preparations used for Western blotting may generate a weak signal to the env glycoproteins even with some control sera (18a).
In summary, the results of this study showed that both recombinant p26 and tTM virus proteins can be used as test antigens for the serodiagnosis of BIV-infected animals by Western blotting. This test appears to be highly sensitive and specific to BIV, since no immune cross-reactivity was shown with BLV and BSV. This point is important because multiple retrovirus infections in cattle are common (1, 19) . The test also has several advantages, including a relatively short test time and, most importantly, an adequate and reproducible supply of recombinant proteins to be used as test antigens in the Western blot assay. Further research should investigate the immune reactivity of the recombinant proteins to a larger number of BIV isolates and the feasibility of using these proteins in an ELISA that might be more convenient, in terms of screening a larger number of sera at once. 
